Abstract Breast cancer is a genetically heterogenous disease with subtypes differing in prognosis and chemosensitivity. The basal-like breast cancer (BLBC) molecular subtype is associated with poorer outcomes, but is more responsive to taxane-based chemotherapy. Kinesins are intracellular transport proteins that interact with microtubules, which are also the mechanistic target for taxanes. We investigated the relationship between taxane resistance in BLBC and kinesins using both expression and functional studies. Kinesin (KIF) expression was evaluated in three settings in relation to taxane resistance: (i) the NCI-60 cancer cell lines, (ii) pre-treatment samples from four BLBC patient cohorts receiving neoadjuvant chemotherapy regimens with and without taxanes, and (iii) post-treatment samples from residual breast cancer following neoadjuvant taxane-containing chemotherapy. We used a novel functional approach to gene modification, validation-based insertional mutagenesis, to select kinesin-overexpressing clones of BLBC cells for evaluation of related mechanisms of taxane resistance. In the NCI-60 cell line dataset, overexpression of the kinesin KIFC3 is significantly correlated with resistance to both docetaxel (P \ 0.001) and paclitaxel (P \ 0.001), but not to platinum-based chemotherapy, including carboplatin (P = 0.49) and cisplatin (P = 0.10). Overexpression of KIFC3 and KIF5A in pre-chemotherapy samples similarly predicted resistance to paclitaxel in the MDACC cohorts (P = 0.01); no KIF predicted resistance to fluorouracilepirubicin-cyclophosphamide or cisplatin in BLBC patient cohorts treated without taxanes. KIF12 is the most overexpressed KIF gene in post-chemotherapy taxane-resistant residual breast cancers (2.8-fold-change). Functional studies 
Introduction
The systemic therapy of breast cancer has seen many advances over the last few decades, with the introduction of taxanes, including paclitaxel and docetaxel, representing a major milestone. Taxanes are widely used in the adjuvant, neoadjuvant and metastatic settings of breast cancer. These agents interact with microtubules, which are heterodimers of a-tubulin and b-tubulin subunits, binding to b-tubulin to stabilize and prevent microtubule depolymerization. Thus, taxanes cause disruptions of mitotic spindle formation, inhibiting cell division and leading to cell death [1] .
While taxanes are extremely successful in establishing cures or durable responses in breast cancer, drug resistance, as manifested by relapse and tumor progression, remains a major challenge. Several different mechanisms account for the taxane resistance observed in human tumors and tumor cell lines, including overexpression of the multidrug transporter P-glycoprotein, altered drug metabolism, decreased sensitivity to death-inducing stimuli, alterations in microtubule dynamics, and altered binding of taxanes to microtubule targets [2] . Various candidates have been investigated for prediction of response of breast cancer to taxanes, including bIII-tubulin [3] , the microtubule-associated proteins MAP2 [4] , MAP4, and TAU [5] , and the microtubule-destabilizing phosphoprotein stathmin [6] , and genome-wide microarray studies have also been used [7, 8] . While promising, none of these markers have been prospectively validated or integrated into the routine clinical practice of breast oncologists, and the functional role of most of these individual genes remains to be explored.
Recent research in breast cancer has been influenced by relatively new approaches to molecular subtyping [5, 8] .
Little is known about how taxane resistance is mediated in different molecular subtypes of breast cancer, each of which has a distinct clinical and biological phenotype. These include luminal-A, luminal-B, HER2-overexpressing and basal-like breast cancers [9] . In particular, basallike breast cancers (BLBCs), expressing genes that are characteristic of basal myoepithelial cells in normal mammary glands, are endocrine-insensitive, and chemotherapy is the only systemic option for these cancers. Although BLBCs are associated with aggressive clinical behavior, they also exhibit a higher response rate to chemotherapeutic agents, including taxanes [10] . Interestingly, while markers of taxane response have been identified in estrogen receptor-positive breast cancer, for example, the TAU protein [5] , to date, no similar marker has been confirmed in BLBC.
Drug resistance is often achieved through the overexpression of a specific protein, and overexpression is often achieved through amplification of the corresponding gene or by epigenetic regulation. In our recent study, we utilized a novel validation-based insertional mutagenesis (VBIM) method [11] to better understand the regulatory mechanism underlying docetaxel resistance in breast cancer cells. Using this method, we discovered that overexpression of the kinesin KIFC3 confers docetaxel resistance to breast cancer cells [12] and, subsequently, that overexpression of any of several different kinesins (KIFC3, KIFC1, KIF1A, and KIF5A) individually, including both N-and C-kinesins, were associated with docetaxel resistance in breast cancer cells [12] . Kinesins are motor proteins that transport cargoes by walking unidirectionally along microtubule tracks, hydrolyzing one molecule of ATP at each step. In addition, kinesins are key participants in chromosomal and spindle movements during mitosis [13] . As such, kinesins represent plausible targets for mediating taxane resistance. Indeed, they had already gained attention as possible anti-mitotic drug targets. For example, in recent years, ispinesib (SB-715992), an allosteric small-molecule inhibitor of KSP (KIF11) ATPase activity, was the first small molecule kinesin inhibitor to enter clinical trials.
The above hypothesis-generating observations have led to this current study, where we address these hypotheses from in vitro insights, using microarray data derived from breast cancer patients exhibiting resistance to a taxanebased regimen, the NCI-60 cell lines, and pre-treatment samples from BLBC patients undergoing taxane-based neoadjuvant therapy. We also focus on mechanistic insight into the relationship between kinesin overexpression and taxane resistance, emphasizing the role of the ATP-binding domain in mediating taxane resistance in BLBC.
Materials and methods

Subjects and samples
The Institutional Review Board for Human Subjects' Protection of the Cleveland Clinic (CC) approved this study. Informed consent was obtained from all patients. Patients who did not achieve a pathologic complete response (pCR), i.e., those with evidence of residual invasive carcinoma following taxane-based chemotherapy (n = 8), were identified from a review of the CC database (Table 1) . We selected these residual cancer samples based on the clinical likelihood of high expression of genes mediating resistance being present. No post-chemotherapy cancer tissue is available from patients with complete response after neoadjuvant chemotherapy. The corresponding histologically benign breast tissue from 5 of the same 8 patients with post-therapy residual breast cancer was used as controls. These samples were frozen following resection and stored at -80°C. Total RNA was isolated from the samples using the RNEasy kit (Qiagen, Valencia, CA). Standard manufacturer's processing techniques were used for downstream processing, and the resulting cDNA was hybridized on Illumina Human Ref-8 Version 3 microarrays targeting *24,500 well-annotated transcripts. (Gene Expression Omnibus, GSE 22796).
Statistical analysis of microarrays
We acquired probe-level raw expression data from the NCI-60 cell line dataset (replicated Novartis experiments using the Affymetrix U95Av2 platform, available at the Developmental Therapeutics Program website of the National Cancer Institute, http://dtp.nci.nih.gov/mtargets/ download.html) and four patient cohorts: two cohorts from the MD Anderson Cancer Center (MDACC) dataset (GSE20194) receiving taxane-based chemotherapy (T-FAC: paclitaxel followed by fluorouracil, doxorubicin and cyclophosphamide), a Dana-Farber Cancer Institute (DFCI) cohort with triple-negative breast cancer patients receiving neoadjuvant cisplatin (GSE18864) and a European Organization for Research and Treatment in Cancer (EORTC) 10994 trial cohort receiving neoadjuvant fluorouracil, epirubicin, and cyclophosphamide (FEC) (GSE4779) from the Gene Expression Omnibus (GEO) public repository [14] . Analysis was done in R 2.10.0 and MatLab. For pre-processing, the robust multi-chip averaging (RMA) algorithm was used.
Cell line data set Based on the NCI-60 cell line drug screen [15] , cell lines were classified as either sensitive or resistant to taxanes (docetaxel, paclitaxel) and platinum-based drugs (cisplatin and carboplatin) [16] . Briefly, cell lines that were in the same extreme third in terms of drug sensitivity for both GI 50 (concentration required to reduce growth by 50%) and TGI (concentration required for total growth inhibition) for the same drug were classified as such, with 'central third' being defined robustly in terms of quantiles (Online Resource 1). Subsequently, we evaluated on an a priori basis differences in expression profiles of tested KIFs, using individual univariate logistic regression with Bonferroni correction applied for statistical significance calculations (Online Resource 2).
Chemotherapy-resistant and sensitive breast cancer data sets For the MDACC data set, 230 pre-treatment samples from two clinical trial cohorts of breast cancer patients undergoing similar neoadjuvant taxane-based chemotherapy were evaluated (Affymetrix U133A). We selected the subset of samples that were BLBC through the use of a nearest centroids predictor for five intrinsic subtype mean expression profiles [17] , eventually identifying 50 samples as BLBC (Fig. 1) . Essentially, this approach involves classifying each sample based on externally defined average expression of selected genes for each class. Response to preoperative taxane-based chemotherapy was categorized per the Residual Cancer Burden (RCB) approach provided in the MDACC dataset [18] , pCR representing sensitive samples and residual invasive cancer (RD) representing resistant samples. A similar approach was undertaken for the DFCI triple-negative data set (not synonymous with BLBC) (Affymetrix U133Plus 2.0) and the EORTC (Affymetrix X3P) data sets, where 28 and 37 samples were classified as BLBC, respectively. In the DFCI dataset, the Miller-Payne score [19] was used to evaluate response [20] , and in the EORTC dataset, pCR was defined as disappearance of the invasive component of the primary tumor after treatment with at most scattered tumor cells in the resection specimen [21] .
Penalized logistic regression is an effective tool in handling high-dimensional data with dichotomous outcomes (pCR/RD). We investigated a values ranging from 0 to 1 with granularity of 0.01. A set of regularization parameter (k) values were evaluated by the coordinate descent algorithm and an optimal k for each a was identified through 100-fold cross-validation. Values of the coefficients for these genes indicate the relative importance of the corresponding gene subset identified. For the PLR analysis, probe sets corresponding to the same gene were averaged.
Post-chemotherapy taxane-resistant samples
The CC dataset was exported from Illumina Beadstudio, pre-processed, normalized, and filtered using a detection threshold of 0.05, resulting in selection of 15,573 of 18,401 genes. Quality control was performed on the raw expression data using visual examination of boxplots. For the CC dataset, to select a subset of candidate KIF genes highly expressed in residual tissue, and thus being good candidates for functional studies, prediction analysis of microarrays (PAM) was performed using fivefold crossvalidation, with default gene thresholds and offset 
Plasmids
The KIFC3 and KIF5A plasmids were described in our previous report [12] . The full-length cDNA of KIF12 was made following the sequence published by Katoh [23] . The KIF12 sequence (accession # NM_138424.1) in the NCBI site is truncated. The protein sequence showed that the ATP-binding domain is missing from the N-terminal site. The missing part was synthesized from GenScript USA Inc. (Piscataway, NJ). The cDNA of the remaining part was purchased from Open Biosystems (clone ID 3865868) (Huntsville, AL). The full-length cDNA of KIF12 was made by 3-piece ligation cloning into the retroviral vector pLPCX.
PCR-mediated site-directed mutagenesis
To generate a point mutation resulting in K92R in the ATPbinding domain of wild-type (WT) KIF5A, we designed PCR primers with a phosphate group at the 5 0 end. The primer sequences around the mutagenized sites were 5 0 -cg aacacataccatggaggga-3 0 (forward) and 5 0 -ccctgaggatgtctgtc cata-3 0 (reverse). The KIF5A plasmid was taken as DNA template and PCR was performed according to the protocol in Quick Change 11 site-directed mutagenesis kit from Stratagene (La Jolla, CA). The amplified fragments were ligated and digested with Dpn1. Transformants were sequenced and aligned to WT KIF5A sequence revealing that the GKT of the KIF5A ATP-binding domain in WT KIF5A was mutated to GRT [24] .
Retroviral transduction and cell infection
Retroviruses encoding cDNAs encoding KIF12, KIFC3, WT KIF5A, and mutant KIF5A (K92R) or empty vector were produced by transient transfection of 293T cells [12] . Supernatant media containing virus were collected at 36 to 48 h, supplemented with 4 lg/ml of polybrene, filtered through a 0.22-lm filter, and added to MDA-MB-231 and MDA-MB-468 cells overnight. The cells expressing KIF12, and WT and K485R were selected with puromycin (1 lg/ml).
Cell survival assay
Cell survival assays were performed in MDA-MB-231 and MDA-MB-468 cells stably overexpressing KIF12, KIFC3, WT KIF5A or mutant KIF5A using techniques described previously [12] .
Immunoblotting and mRNA expression Western analyses were performed as described previously [25] . The membranes were probed with antibodies against KIF12, and KIF5A or anti-pan-actin. To determine mRNA expression levels, total RNA was extracted, and an RT reaction was performed using SuperScript III First-Strand Synthesis System. RT-PCR was done using KIF12-specific primers.
Statistical analysis
Values were expressed as means ± s.d. P values were based on the paired t-test and significance set at 0.05 (values that are significant are marked with an asterisk).
Results
Specific KIFs are overexpressed in docetaxel and paclitaxel-resistant NCI-60 cell lines
We first sought to determine if the association of KIF overexpression with taxane resistance may be determined using well known in vitro models. We initially identified docetaxel-sensitive cell lines (COLO-205, HCC-2998, HL-60 (TB), HT-29, MDA-MB-435, NCI-H522, RPMI-8226, SF-539) and docetaxel-resistant cell lines (786-0, ACHN, CAKI-1, EKVX, IGROV1, OVCAR-4, SF-268). Paclitaxel-sensitive cell lines (COLO-205, HCC-2998, HS-578T, HT-29, NCIH23, RPMI-8226, SF-539, SNB-75) and paclitaxel-resistant cell lines (A498, EKVX, MALME-3M, NCI/ADR-RES, OVCAR-4, SK-MEL-28, T-47D, UACC-257, UO-31) were similarly identified. Consistent with our previous work reporting that overexpression of KIFC3 mediating docetaxel resistance [12] , KIFC3 overexpression was found to be significantly correlated with resistance to both docetaxel (P \ 0.001) and paclitaxel (P \ 0.001), but not to carboplatin (P = 0.49) or cisplatin (P = 0.10), with the latter two serving as our negative controls. Results of individual KIFs are reported in Online Resource 2.
Specific kinesin overexpression in pre-chemotherapy tumors correlates with resistance to docetaxel, but not to non-taxane based regimens
We first divided the MDACC dataset of patients receiving paclitaxel-based chemotherapy into responders (n = 22) and non-responders (n = 28) so as to identify highly ranked genes that would classify one way or the other. For our penalized logistic regression analysis of BLBC tumors which select subsets of highly discriminating genes, 978 discriminating genes were identified at a of 0.02 and k of 2.52 for convergence in the MDACC data set (Online Resource 3), which included the kinesins KIFC3 and KIF5A. Individually, overexpression of each of these 2 genes was associated with resistance to paclitaxel on univariate logistic regression (O.R. 0.48 and 0.49, respectively, for response prediction, P = 0.01 and 0.01, respectively) ( Table 2 ). For the DFCI dataset, comprising patients who received neoadjuvant cisplatin as single agent, at a similar range of a parameters, no KIF gene was found to be predictive of response, even at a similar a of 0.02, where 41 genes correlating with cisplatin response were identified (Online Resource 4). For the EORTC dataset of patients receiving FEC chemotherapy without taxanes, there was no convergence at any a parameter, indicating that there were no selected group of transcripts from genes predictive of response. This implies that kinesin overexpression is specific for taxane resistance.
Specific KIFs are overexpressed in post-chemotherapy taxane-resistant residual breast cancer
The majority of KIF genes were overexpressed in tumor tissue relative to normal tissue (Fig. 2) . To identify candidate genes for functional analysis, we applied prediction analysis of microarrays, and identified a subset of 8 KIF genes that provided a cross-validated misclassification error of 0.15 (Table 3) . KIF12 is the most overexpressed discriminating KIF gene in taxane-resistant breast cancer samples relative to normal matched breast tissue.
Overexpression of kinesins increases resistance to docetaxel but not to anthracyclines or vincristine
In our previous study [12] , we showed that overexpression of KIFC3 and KIF5A mediate resistance to docetaxel in breast cancer cells. We evaluated here the specificity of the relationship between three specific kinesins (KIFC3, KIF5A and KIF12) and taxane resistance. Given that patients in the MDACC data set had received both taxane and anthracycline agents on a sequential basis, it was important to determine whether the overexpression of kinesins could also confer resistance to doxorubicin, an anthracycline. MDA-MB231 cells overexpressing KIFC3 or KIF5A and MDA MB468 cells overexpressing KIFC3 [12] (Figs. 2, 3, 4) were treated with doxorubicin. There were no significant differences in the percentages of surviving control cells compared to cells overexpressing the kinesins upon exposure to doxorubicin at different concentrations (Fig. 4) . We also explored whether these two kinesins confer resistance to a microtubule targeting drug other than a taxane. Upon exposure to the microtubule depolymerizing drug vincristine, the percentage of surviving control cells was again similar to that of cells The ATP-binding domain of kinesin is essential for resistance to docetaxel
To determine whether a point mutation in the ATP-binding domain of a kinesin is required for it to mediate docetaxel resistance, we chose KIF5A for evaluation in the cell line MDA-MB-231. KIF5A was also identified in the MDACC dataset as a discriminating gene (at P = 0.01). GKT, a highly conserved sequence in the ATP-binding domains of many kinesins was mutated to GRT. This type of mutant kinesin binds to microtubules but does not hydrolyze ATP [26] . We generated a stable pool of MDA-MB-231 cell lines overexpressing mutant KIF5A. The expression level of mutant kinesin is equivalent to that of the WT protein (Fig. 4a) . Upon exposure to 4 or 6 nM docetaxel, increased survival was observed for cells expressing WT KIF5A compared with control cells infected with vector alone. In contrast, cell survival was decreased significantly (P \ 0.005) in cells expressing the mutant KIF5A, with approximately the same survival as control cells (Fig. 4b) . These results indicate that the ATP-binding domain of a kinesin is essential for it to mediate resistance to docetaxel (Fig. 5 ).
Discussion
Our evaluation of these in vitro and in vivo datasets provides support for the previously unknown role of kinesins in mediating taxane resistance in breast cancer. The large sample size of the publicly available gene expression dataset from MDACC (n = 230) permitted analysis of a relatively large number of patients with BLBC with available data on taxane response, highlighting specific kinesins in mediating drug resistance. It should be noted that the MDACC cohort received T-FAC, or paclitaxel A. Cells were infected with empty vector, or a retroviral construct encoding KIF12. The mRNA expression levels were determined by RT-PCR, using KIF12-specific primers. GAPDH was used as a control. B. The protein level was determined by Western analysis, using total cell lysates. Actin was used as a control. C. Cell survival assays were performed in cells infected with empty vector or with a retrovirus encoding KIF12, followed by treatment with docetaxel. The fraction of surviving cells was determined by normalizing the data from docetaxel-treated cells to untreated controls. Data shown represent means ± SD of three experiments, in which each measurement was performed in triplicate. **P \ 0.005. Similar results were obtained for KIFC3 and KIF5A as previously reported [12] followed by fluorouracil-doxorubicin (an anthracycline)-cyclophosphamide. Importantly, our analysis of the EO-RTC and DFCI cohorts, who received fluorouracil-epirubicin (an anthracycline)-cyclophosphamide and cisplatin, respectively, did not demonstrate KIF expression as being predictive of response, suggesting that the effect of kinesins on drug resistance may be specific to taxanes. These in vivo observations in pre-treatment samples is further supported by our functional work showing that kinesin overexpression mediates resistance to docetaxel in BLBC cell lines, but not to doxorubicin or vincristine. Indeed, although the sample size of the post-treatment residual disease samples was more limited (n = 8), this analysis was useful in identifying additional candidate kinesins for functional validation. These results have implications for personalization of medical therapy by breast oncologists. Our results, together with findings in estrogen-receptor positive breast cancer [5] , provides support for the idea that pathways and corresponding markers of taxane resistance differ among biologically distinct subtypes of breast cancer. Indeed, we limited our analysis to BLBC to avoid a possible confounding of the relationship between gene expression and taxane resistance [21, 27, 28] . The clinical result that KIFC3 overexpression is highly predictive of resistance in BLBC matches our previous functional work showing that KIFC3 overexpression is associated with taxane resistance in two basal-like breast cancer cell lines, MDA-MB-231 and MDA-MB-468 [12] .
Our results, highlighting KIFC3, KIF5A, and KIF12 as mediators of taxane resistance in BLBC through gene expression studies of tissue with separate functional validation, provide translational support for the role of kinesins in taxane resistance, a novel and potentially clinically important area in oncology. There are 45 different human kinesins and overexpression of any single kinesin may suffice to confer resistance. Thus, it is important to analyze the expression levels of all of the kinesins in future studies. With regard to appropriate risk profiling of individuals for therapy, the use of KIF profiles as a clinical predictor of The percentages of surviving cells were calculated relative to untreated controls. The data represent means ± SD of two experiments in which each measurement was performed in triplicate. We chose the highest ranked KIFs from the MDACC data set of pre-treatment cancer for this in vitro experiment, given that the specific treatment regimen for the data set included taxanes and anthracyclines taxane resistance in BLBC deserves further evaluation in the setting of a prospective trial. Most critically, other than the obvious implication of an additional therapeutic target, our results may have implications for the most appropriate timing for maximal clinical benefit for these agents, supporting concurrent use of these agents with taxanes. Synergistic kinesin inhibition with sequential delivery of taxanes is an interesting potential therapeutic approach. In a similar example, the current sequential delivery of taxanes and anti-metabolites was derived from in vitro observations of synergism [29] .
Although our work is most directly related to breast cancer, our results suggest that a possibility of extension into other cancer types, given the results of our unbiased evaluation of a comprehensively characterized panel of cancer cell lines (NCI-60). We were able to determine that overexpression of KIFC3 was correlated with both docetaxel and paclitaxel resistance, but not cisplatin or carboplatin resistance, the latter two platinum-based drugs being negative controls. These cell lines are derived from diverse histologies, implying a possible general mechanistic relationship between specific kinesin overexpression and taxane resistance.
With regard to the potential mechanisms involved in this relationship between kinesins and taxane resistance in BLBC, our work in determining that a point mutation in the ATP-binding domain of a kinesin may restore taxane sensitivity suggests two interesting conclusions. Firstly, the ATP-binding domain is essential in mediating taxane resistance; and secondly, it may be possible to modulate taxane resistance with kinesin inhibition through one possible strategy of developing agents targeted to this specific domain. Such agents may be used either concurrently, or sequentially with taxanes. Additionally, our results are mechanistically consistent with recent reports that inhibition of KIF ATPase is a potential therapeutic approach in breast cancer cells [30] and in taxane-resistant models [31] , pointing to a cytotoxic effect of KIF ATPase inhibition that is independent of its modulation of taxane resistance. Thus, our results provide insights into a mechanism of interest in breast cancer chemotherapy resistance, which may have therapeutic implications.
Taxane chemotherapy is a cornerstone of systemic therapy in breast cancer, and corresponding drug resistance is a challenge for breast oncologists. We have shown that overexpression of specific kinesins is associated with taxane resistance in breast cancer, and detailed a potential mechanism for inhibition. Our results highlight the potential opportunity for sequential or synergistic modulation of taxane resistance in BLBC using selective KIF inhibitors in the clinical setting, and provide mechanistic insight into the relationship between kinesin proteins and taxane resistance. Western analysis, using total cell lysates. Actin protein levels as manifested by probing with a pan-actin antibody was used as a control. b Cell survival assays were performed in cells infected with empty vector or with retroviruses encoding KIF5A, or mutant form of KIF5A (K92R), after treatment with docetaxel. The fraction of surviving cells was determined by normalizing the data from docetaxel-treated cells to untreated controls. Columns means of three experiments: each measurement was performed in triplicate; bars SD, **P \ 0.005
